and that is the binding site for cellular host factors is opened out, and the NTD face of the pocket is exposed (Fig. 3, F 
to H).
By solving the pentameric structure, we also visualized the interactions between the pentamer and the neighboring hexamers. We found that the pentamer-hexamer CA-CTD dimer interface is similar to that in the interhexamer interface, but that to accommodate the higher local curvature, the three helices (helix 10) around the threefold interface move closer together than in any of the hexamer-hexamer interfaces ( fig. S4F) .
For a subset of 107 cores, we analyzed the overall distribution of hexamers and pentamers identified during subtomogram averaging and applied a further multireference alignment step to minimize the number of false-negatives (Fig. 4 and figs. S6 and S7). The cores were mostly conical, but as expected, other morphologies were present, including tubular, polyhedral, and triangular shapes. Most of the cores showed one or more local regions where the CA lattice was disrupted or absent. These imperfections did not have characteristic shape, size, or location and were observed at the tip, side, and base of the core (Fig. 4  and fig. S7 ). We did not observe a recurrent seam along the longitudinal axis of the cores (19) . The observed imperfections may represent assembly defects, or may result from damage during virus purification. In six cores, we observed complete, hexameric lattices closed by the insertion of 12 pentamers-they were perfect fullerene structures (Fig. 4 , movie S6, and fig. S7 ) containing between 1122 and 1314 copies of CA. As predicted, the shape of the cores varied according to the distribution of pentamers. HIV CA is therefore able to assemble perfect, closed fullerene cones within virus particles. Although it is currently unclear whether imperfect cores can retain infectivity, we consider it reasonable to assume that correct CA assembly results in closed structures.
A recent report suggests that the core is formed by rewrapping of the immature lattice in a nondiffusional manner, leading to pseudo-fullerene structures with strain defects such as seams (20) . Our observations are inconsistent with this model. In most models for core assembly, the immature lattice disassembles upon maturation and the mature lattice assembles de novo from individual CA molecules or small multimers (21) (22) (23) (24) (25) . Our observations are consistent with de novo polymerization of CA in a reversible manner that allows relaxation of the local structure during assembly (13) . This would permit formation of perfect fullerene cones with only small, distributed changes in CA hexamer structure as observed here. We found that at sites of high curvature, pentamers are incorporated. These are stabilized by different CA-CA interaction interfaces than those in the hexamer. When perfect, the resulting core is tightly closed, preventing access of cellular components to the genetic material. On the outside of the core, pentamer and hexamer expose different parts of the CA protein surface to the cytoplasm during infection, which would allow them to interact differently and specifically with host cell factors. 
STRUCTURAL BIOLOGY
Translational termination without a stop codon Nathan R. James, Alan Brown, Yuliya Gordiyenko, V. Ramakrishnan* Ribosomes stall when they encounter the end of messenger RNA (mRNA) without an in-frame stop codon. In bacteria, these "nonstop" complexes can be rescued by alternative ribosome-rescue factor A (ArfA). We used electron cryomicroscopy to determine structures of ArfA bound to the ribosome with 3′-truncated mRNA, at resolutions ranging from 3.0 to 3.4 angstroms. ArfA binds within the ribosomal mRNA channel and substitutes for the absent stop codon in the A site by specifically recruiting release factor 2 (RF2), initially in a compact preaccommodated state. A similar conformation of RF2 may occur on stop codons, suggesting a general mechanism for release-factor-mediated translational termination in which a conformational switch leads to peptide release only when the appropriate signal is present in the A site.
I
n bacteria, 2 to 4% of mRNA transcripts lack an in-frame stop codon as a result of faulty transcription or nucleolytic cleavage (1). When translated, the inability to recruit release factors causes ribosomes to stall at the 3′ end of these "nonstop" transcripts. Translating ribosomes also stall at the 3′ end of intact transcripts when a stop codon is either read through or bypassed by translational frameshifting (2, 3). Because the accumulation of stalled ribosomes is potentially lethal (4), bacteria have evolved various mechanisms to rescue these complexes (2, 3). Trans-translation is the primary rescue mechanism, present in nearly all sequenced bacterial species, and redirects ribosomes to resume translation on transfer-messenger RNA (tmRNA). The reading frame of tmRNA encodes a degradation signal with a stop codon, which results in both recycling of the stalled ribosome and proteolysis of the aberrant polypeptide. Trans-translation is a promising target for antibiotic development (4); however, any therapeutic approach would need to circumvent the backup mechanisms of alternative ribosome-rescue factors A (ArfA) and B (ArfB), which can allow some species of bacteria to survive in the absence of a functional transtranslation system (2, 3).
ArfA, in particular, acts as a fail-safe for transtranslation in many bacterial species (5). In Escherichia coli, ArfA can support continued growth in the absence of trans-translation with few phenotypic consequences (5, 6) . Under normal conditions, the arfA transcript is cleaved by ribonuclease (RNase) III to produce a nonstop mRNA substrate for trans-translation, resulting in the truncated ArfA protein being tagged for degradation (7-9), although a small constitutively expressed population of full-length ArfA may result from the translation of uncleaved arfA transcripts (7). When trans-translation is impaired or overwhelmed, full-length ArfA may rescue the synthesis of its truncated form. ArfA relieves stalled ribosomes through a mechanism that requires peptidyl-tRNA hydrolysis by release factor 2 (RF2) but not the paralogous release factor 1 (RF1) (10, 11) . This is in contrast to ArfB, which shares homology with the catalytic domains of these release factors and is able to directly hydrolyze peptidyl tRNA within stalled ribosomes (12) .
To understand how RF2 functions with ArfA instead of a stop codon, we solved the structure of the E. coli ribosome programmed with a 3′-truncated mRNA (figs. S1 and S2 and table S1), and in complex with ArfA and RF2 (Fig. 1A) or ArfA(A18T) and RF2 (Fig. 1B) , by electron cryomicroscopy to resolutions between 3.0 and 3.4 Å. The amino acid substitution A18T (Ala 18 →Thr 18 ) abolishes the ability of ArfA to support peptidyltRNA hydrolysis (5), although the mutant can still bind and recruit RF2 to stalled ribosomes (5, 11) . The structures reveal two distinct conformations of RF2 on the ribosome and explain how ArfA specifically recognizes nonstop complexes.
In both structures, ArfA interacts with the decoding-center nucleotides G530 and A1492 of the 16S ribosomal RNA (rRNA) (Fig. 2) . A1492 is stacked within helix 44, interacting with ArfA via the rRNA backbone, whereas A1493 is flipped out and disordered. These nucleotides are unchanged from their positions in an unoccupied A site ( Fig. 2A) , suggesting that ArfA specifically recognizes a vacant decoding center. ArfA does not induce the remodeling of the decoding center, in particular the flipping-out of A1492, which occurs during stop-codon recognition (Fig. 2D) .
The C terminus of ArfA protrudes into the otherwise-unoccupied mRNA channel downstream of the decoding center and, in agreement with hydroxyl radical probing data (13) , contacts the rRNA that lines it (Fig. 3A) . The conserved KGKGS motif ( fig. S3A , residues 34 to 37) forms an expansive helical turn within the channel that may help to anchor ArfA to the ribosome (Fig. 3B) . Below the turn, ArfA binds first to helix 1 of the 16S rRNA and then to helix 18 on the opposite wall of the mRNA channel (Fig. 3B) . The C terminus beyond Gly 46 exits through the channel entrance and makes few contacts with the ribosome. This is consistent with the last~18 residues being truncated as a result of RNase III cleavage and dispensable for ribosome rescue (8) .
The positioning of the C-terminal tail suggests that ArfA may discriminate against translating ribosomes by recognizing vacant mRNA channels. A similar hypothesis has been proposed for small protein B (SmpB), which is delivered to the ribosome with tmRNA (14) , and ArfB (12) . SmpB and ArfB both have C termini that insert into the mRNA channel, although these tails and their interactions with the ribosome are distinct from that of ArfA ( fig. S4) . A discriminatory role for the ArfA C terminus is consistent with the marked decline of ArfA-dependent peptide release as the 3′ length of mRNA increases (11, 15) . However, recent data have shown that ArfA can bind ribosomes, and even recruit RF2, regardless of the presence of mRNA in the channel (13) . This suggests that simultaneous occupancy of the channel may be possible, but only in the absence of mRNA can ArfA position RF2 in a productive conformation for peptidyltRNA hydrolysis.
The basis for RF2 recruitment is provided by ArfA residues 25 to 30, which form a b-addition motif with the b5 strand of RF2 domain 2 (Fig.  3C ). Phe 25 of ArfA protrudes into a conserved hydrophobic pocket of RF2 formed by Val 198 from the b4 strand and Phe 217 from the b5 strand (Fig. 3C ). This pocket is absent in RF1 from all known ArfA-containing species ( fig. S3, B and C) , likely explaining the exclusivity of ArfA for RF2 (10, 11) . The RF2 recognition loop between the b4 and b5 strands that confers stop-codon specificity (16) 
With wild-type (WT) ArfA, RF2 adopts an extended conformation that resembles the crystal structures of release factors bound to stop codons (16) (17) (18) (19) (20) (Fig. 1A) . Consistent with a shared mechanism of catalysis for canonical and ArfA-mediated termination, the catalytic GGQ motif of domain 3 is accommodated within the peptidyl-transferase center (PTC) (Fig. 1A, inset) . By contrast, RF2 adopts a compact conformation with ArfA(A18T) that resembles the crystal structures of isolated release factors (21-23), the only difference being the position of domain 1. In this preaccommodated conformation, domain 3 lies across an eightstranded b sheet formed by domains 2 and 4, with the GGQ motif facing the anticodon arm of the P-site tRNA approximately 60 Å from the PTC (Fig. 1B) .
A preaccommodated conformation of release factors on ribosomes has previously been proposed as an initial codon-sampling state during stop-codon recognition (17, 18) . This hypothesized state rationalizes the compact release-factor form seen in three different crystal structures (21) (22) (23) and in solution by small-angle x-ray scattering (SAXS) (23), although another SAXS study observed only the extended conformation (24) . Further support for a physiological role of the compact form comes from hydroxyl radical probing (25) and fluorescence resonance energy transfer (26) experiments that show discrete release-factor conformations on the ribosome, depending on the identity of the A-site codon. However, due to its presumably transient nature, structural data for a codon-sampling state are lacking. Here, the preaccommodated conformation results from the A18T substitution, which prevents the interdependent folding of the ArfA N terminus with the switch loop of RF2. The switch loop connects the a7 helix of domain 3 with the b9 strand of domain 4 and has been proposed to mediate accommodation during canonical termination by undergoing a disorderto-order transition (19) . In the mutant structure, the RF2 switch loop and the first 14 residues of ArfA are disordered. A18T is located within the a helix of ArfA that packs against the central b sheet of RF2 but faces away from the interface (Fig. 4A) . However, the ordered N terminus of WT ArfA turns tightly to run antiparallel to this a helix (Fig. 4B) . Compared with alanine, a polar threonine residue would be unable to pack against Ile 11 in this conformation (Fig. 4B) . By contrast, a hydrophobic A18C (Ala 18 →Cys 18 ) substitution has little effect on ArfA activity (13) .
The ordered N terminus of WT ArfA induces conformational changes in the RF2 switch loop.
As also occurs in stop-codon recognition (16, 19) , the switch loop becomes partially a-helical, extending the a7 helix (Fig. 4B ). This is followed by a~100°kink as the conserved Trp 319 residue interacts with ArfA at the RF2-specific hydrophobic pocket (Fig. 3C ). An additional a-helical turn leads into the b9 strand. Compression of the switch loop draws the a7 helix, together with the rest of domain 3, from its interface with domain 2 such that the GGQ motif rises and accommodates into the PTC (Fig. 4C) .
Upon accommodation, there is also a~10°ro-tation of RF2 domains 2 and 4 ( Fig. 4C) , which increases the interface with the ribosome by 25%. Together with a movement of the ArfA a helix, these changes result in a tighter fit between ArfA, RF2, and the decoding center. The decoding nucleotide A1492 of the 16S rRNA switches from a syn to an anti configuration within helix 44 (Fig. 2C) and stacks with A1913 at the apex of helix 69 of the 23S rRNA. This may help to reposition helix 69, allowing C1914 to coordinate the turn adopted by ArfA residues 11 to 14 (Fig. 4B) . The movement of domain 2 appears to pull domain 1, together with the L7/ L12 stalk base, into closer contact with the small subunit, possibly stabilizing RF2 in its accommodated state ( fig. S5A) .
To further explore the interaction between ArfA and the switch loop, we examined the compatibility of WT ArfA from E. coli with Thermus thermophilus RF2 (TtRF2), which has a distinct switch-loop composition (Fig. 4D) . The structure shows that, although TtRF2 is recruited to stalled ribosomes through the conserved hydrophobic pocket with ArfA, it adopts a compact conformation similar to that of E. coli RF2 recruited by ArfA (A18T) (Fig. 4D) , and the N terminus of ArfA remains disordered. The inability to accommodate SCIENCE sciencemag.org 16 presumably results from clashes between ArfA and the longer side chains of the TtRF2 switch loop. Taken together, our structures demonstrate that accommodation of RF2 is dependent on switch-loop stabilization by the ArfA N terminus. These switch-loop interactions appear to emulate the interactions between RF2 and the ribosome that result from stop-codon-dependent rearrangement of the decoding center (Fig. 4E) . During canonical termination, the conserved tryptophan of the switch loop stacks with flipped-out A1492 while the a7-helix extension interacts directly with helix 69, which adopts a different conformation when A1492 is flipped out (16, 20) .
The delivery of RF2 in a preaccommodated state, followed by a conformational switch that depends on specific changes in the decoding center, shares many parallels with the universal elongation (27) and eukaryotic termination pathways (28) (fig. S5, B and C) . Both aminoacyl tRNAs and the structurally unrelated eukaryotic release factor 1 (eRF1) adopt preaccommodated conformations during codon sampling that prevent premature engagement of reactive groups with the PTC before accommodating into the PTC upon codon recognition. A similar pathway for bacterial release factors is consistent with a 4000-fold difference in dissociation rates between stop and sense codons, despite similar association rates (29) , and may explain the accuracy of termination in bacteria (~10
), which is comparable to the fidelity of aminoacyl-tRNA selection (30) .
In summary, our structures reveal the mechanism of ArfA-mediated ribosome rescue on 3′-truncated mRNA and provide insights into how a conserved conformational switch might maintain the accuracy of translational termination in bacteria. 
